Aldehyde dehydrogenase 3A1 (ALDH3A1) plays an important role in many cellular oxidative processes, including cancer chemo-resistance by metabolizing activated forms of oxazaphosphorine drugs such as cyclophosphamide (CP) and its analogues such as mafosfamide (MF), ifosfamide (IFM), 4-hydroperoxycyclophosphamide (4-HPCP). Compounds that can selectively target ALDH3A1 may permit delineation of its roles in these processes and could restore chemosensitivity in cancer cells that express this isoenzyme. Here we report the detailed kinetic and structural characterization of an ALDH3A1 selective inhibitor, CB29, previously identified in a high throughput screen. Kinetic and crystallographic studies demonstrate that CB29 binds within the aldehyde substrate-binding site of ALDH3A1. Cellular proliferation of ALDH3A1-expressing lung adenocarcinoma (A549) and glioblastoma (SF767) cell lines, as well as the ALDH3A1 non-expressing lung fibroblast cells, CCD-13Lu, is unaffected by treatment with CB29 and its analogues alone. However, the sensitivity toward the anti-proliferative effects of mafosfamide is enhanced by treatment with CB29 and its analogue in the tumour cells. In contrast, the sensitivity of CCD-13Lu cells toward mafosfamide was unaffected by the addition of these same compounds. CB29 is chemically distinct from the previously reported small molecule inhibitors of ALDH isoenzymes and does not inhibit ALDH1A1, ALDH1A2, ALDH1A3, Supplementary table 1 shows steps followed for screening. Supporting information for this article is available on the WWW under http:// www.chembiochem.org or from the author.
Introduction
Aldehyde dehydrogenases (ALDH) comprise a family of NAD(P) + dependent isoenzymes that catalyze the oxidation of aldehydes to their corresponding carboxylic acids. These enzymes participate in cellular homeostasis by metabolizing aldehyes from endogenous as well as exogenous sources. There are at least 19 functional members of ALDH gene family in the human genome. [1] Some important functions of these diverse enzymes include ethanol oxidation, production of retinoic acid, folate metabolism, GABA biosynthesis, as well as proline and branched-chain amino acid metabolism. [1] Several family members possess polymorphisms that impact human health. For instance, the inactive form of ALDH2 (ALDH2*2; E487K or E504K) that is present in the East Asian population is associated with impaired ethanol metabolism, [2] as well as lower efficacy for nitroglycerin. [3 ,4, 5] Modulation of ALDH2 activity can also influence cocaine addiction [6] and ischemia reperfusion injury following myocardial infarction. [7, 8, 9] Sjogren-Larson syndrome (SLS) is associated with an underlying genetic deficiency of ALDH3A2 [10] and mutation of ALDH4A1 is associated with type II hyperprolinemia. [11, 12] ALDH family members are also implicated in cancer biology, with ALDH1A1 identified as a biomarker for cancer stem cells. [13, 14, 15] In addition, extensive research has linked the expression of ALDH3A1 and ALDH1A1 to cancer cell proliferation, as well as to reduced sensitivity toward cyclophosphamide. [16, 17, 18] ALDH expression in cancer cells render these cells resistant to cyclophosphamide and its derivatives by metabolizing the intermediate, aldophosphamide, to the less toxic compound, carboxyphosphamide. [17, 18, 19] ALDH3A1 is involved in the oxidation of a variety of endogenous aldehydes, such as peroxidic and fatty aldehydes. It was originally designated as the tumor ALDH as it was found highly expressed in some human tumors such as hepatoma, lung adenocarcinoma, myeloma, breast cancer and stem cell populations. [20, 21, 22, 23] It is also expressed in some normal human tissues such as cornea and keratinocytes. [18, 24] Despite being present in normal cells, studies have shown that Aldh3a1(-/-) knockout mice are viable. [25] High ALDH3A1 activity in normal cells protects these cells from the products of lipid peroxidation, [26] but can lead to drug resistance in tumor cells. [27] Indeed, RNAi-mediated knockdown of ALDH1A1 and ALDH3A1 in the lung adenocarcinoma cell line (A549) revealed that both enzymes contribute to the resistance against 4-hydroperoxycyclophosphamide, an analog of cyclophosphamide. [17] Cultured human colon carcinoma cell line, Colon C that expresses high levels of ALDH3A1 is 10-fold less sensitive to mafosfamide than either the lower expressing, RCA or HCT 116b colon cancer cell lines. However, all three cell lines were equally sensitive to the final activated DNA alkylating agent; phosphoramide mustard. [22] Colon C cancer cells were more sensitive when mafosfamide treatment was performed in the presence of the competitive substrate, benzaldehyde. [22] When ALDH3A1 expression was induced in MCF-7 cells by treatment with catechol (MCF-7/CAT), cells were over 35-fold more resistant to mafosfamide compared to control (MCF-7) cells, [20] but sensitivity toward mafosfamide could be restored by inhibition of ALDH3A1 with analogs of chlorpropamide. [23] MCF-7 cells electroporated with ALDH3A1 were 16-fold less sensitive toward mafosfamide than control cells. [28] In addition, recent study has shown that ALDH3A1 is one of the downstream targets of metadherin (MTDH), a gene involved in multidrug chemoresistance. [29] In this study, authors demonstrated that fibroblastoid mammary carcinoma (LM2) cell line engineered to express an inducible shRNA for conditional knockdown of ALDH3A1 were more sensitive to chemotherapeutic agents such as paclitaxel, doxorubicin and 4-hydroxycyclophosphamide when ALDH3A1 was knocked down. Conversely, overexpression of ALDH3A1 in these cells increased the chemoresistance to paclitaxel, doxorubicin and 4-hydroxycyclophosphamide. [29] These effects may result from the initiation of apoptosis in tumors via induction of oxidative stress following generation of lipid peroxidation products. Since ALDH3A1 is an important contributor in metabolizing lipid peroxidation products, it may facilitate drug resistance under those circumstances. [18, 30, 31] These studies highlight the role of ALDH3A1 in a broad-spectrum of cancer chemoresistance and support the development of selective and potent small molecule inhibitors.
Our laboratory recently showed that non-selective inhibition of ALDH isoenzymes enhances mafosfamide sensitivity in A549 cells. [30] However, the extent to which ALDH3A1 contributed to the observed resistance remains unknown and somewhat controversial. [17, 22, 28, 31, 32, 33] We reasoned that selective inhibition of ALDH3A1 using selective small molecule inhibitors could enhance the sensitivity of chemotherapeutic agents such as cyclophosphamide as well as determine its contributions to aldophosphamide metabolism in tumor cells. In this study, we report the detailed characterization of a highly selective inhibitor for ALDH3A1, designated CB29, previously identified through the use of chemical library screening. [34] Kinetic and crystallographic studies indicate that this compound binds only to ALDH3A1 through its aldehyde binding site and does not inhibit either ALDH1A1, ALDH1A2, ALDH1A3, ALDH1B1 or ALDH2 up to 250 μM concentration. Structural alignment of ALDH isoenzymes helped us analyze the rationale behind selectivity pattern shown by this class of compounds. Chemosensitivity experiments showed that treatment of the ALDH3A1 expressing lung adenocarcinoma (A549) and glioblastoma (SF767) cell lines with mafosfamide in the presence of CB29, or closely related analogs, enhanced the killing effects of mafosfamide, while treatment with the compounds alone had little effect on cell proliferation. Interestingly, treatment of normal lung fibroblasts (CCD-13Lu), which do not express ALDH3A1, with mafosfamide in the presence of CB29 and its analogs, did not show mafosfamide chemosensitivity.
Results

CB29 is a selective ALDH3A1 inhibitor
Among all the 101,000 compounds that were screened, CB29 ( Figure 1A ) emerged as a selective inhibitor of ALDH3A1 (Figure S1 and supplementary table 1) . [34] CB29 has a molecular mass of 349 Daltons and has little structural similarity to any known inhibitors of aldehyde dehydrogenase isoenzymes. The compound has reasonable potency for an initial hit compound against ALDH3A1 (IC 50 is 16 μM) and good selectivity toward ALDH3A1 demonstrating no inhibition (<5%) toward ALDH1A1, ALDH1A2, ALDH1A3, ALDH1B1 or ALDH2 up to 250 μM. Steady-state kinetic experiments are consistent with CB29 binding competitively to the aldehyde binding site, with a K i of 4.7 ± 0.3 μM ( Figure 1B) .
Structure of the ALDH3A1-CB29 complex
In order to understand the specificity for ALDH3A1 and provide a structural context for the kinetic studies, we determined the crystal structure of CB29 bound to ALDH3A1. Triclinic crystals were obtained that diffracted up to 2.5 Å resolution (Table 1) . Four independent dimers are present in the asymmetric unit. The presence of CB29 within the active site of ALDH3A1 was confirmed through examination of the original figure-of-merit, σ Aweighted, electron density maps ( Figure 2A ). The active site of each subunit of ALDH3A1 in the asymmetric unit is fully occupied by CB29. A Ramachandran plot of the final model demonstrates greater than 97% of all residues in the most favored regions. There are four residues Cys243, Val244, Glu61 and Asn114 that contribute hydrogen bonding interactions with CB29 ( Figure 2B ). The two sulfonyl oxygens and the amino group linking the two benzene rings mediate these hydrogen bonds whereas the terminal benzylacetamide moiety contribute mostly hydrophobic and van der Waals interactions ( Figure 2B) . One of the sulfonyl oxygens forms a hydrogen bond with the peptide nitrogen of Val244. The second sulfonyl oxygen is positioned similar to the oxyanion formed during catalysis and lies in proximity to the peptide nitrogen of Cys243 and the side chain amide nitrogen of Asn114. The nitrogen linking the two substituted benzene rings in CB29 donates a hydrogen bond to the peptide carbonyl oxygen of Glu61. The methyl associated with the sulfonyl group forms a hydrophobic interaction with Phe401 and the nitro-benzene ring forms hydrophobic pistacking interactions with Tyr115. The side chains of Ile394 and Thr242 also contribute hydrophobic interactions with the nitro-benzene ring. The benzylacetamide ring forms hydrophobic interactions with Tyr65 and Thr395 on one side, while the opposing face interacts with the Cβ and Cγ side chain atoms of Glu61 and the side chain of Met237. The terminal acetamide group is within van der Waals contact of Tyr65, Trp233, Thr395, Val 392 and Arg441 ( Figure 2B ).
SAR study on CB29 derivatives
We purchased 64 different compounds that showed at least 90% structural similarity in their atomic positions with CB29. These compounds were tested for their potency as inhibitors of ALDH3A1 and for their selectivity versus ALDH1-class isoenzymes and ALDH2 (Table 2 and 3).
ALDH3A1 and ALDH1A1 expression in cancer cells
We examined various cancer cell lines to determine the basal level of ALDH1A1 and ALDH3A1 expression as potential cell models for assessing the contributions of ALDH3A1 toward aldophosphamide metabolism. As previously reported, [17] we found A549 cells express both ALDH1A1 and ALDH3A1 ( Figure 3A and 3B). When we quantitated the relative expression levels of each isoenzyme by reference to purified recombinant enzyme, we find that A549 cells express ALDH1A1 at about 1% and ALDH3A1 at about 2% of total cellular protein ( Figure S3 ).
To confirm that protein expression correlates with ALDH activity, we performed activity assays. While benzaldehyde is a substrate for many ALDH isoenzymes, only ALDH3A1 uses NADP + as a cofactor to oxidize benzaldehyde ( Figure 3D ). Enzyme activity assays on A549 cell lysates using NADP + and benzaldehyde had an activity of 282 nmol/min/mg. Based on the specific activity of recombinantly ALDH3A1 purified in our lab (32 μmol/min/ mg), the activity assay was within a factor of 2 of the immunoblot and demonstrated that ALDH3A1 is active and present at 1-2% of total lysate protein. Similarly, in SF767 cells, western blot analysis and enzyme assays show that ALDH3A1 is expressed at 1% of total cellular protein ( Figure 3D and Figure S3 ). Finally, CCD-13Lu cells had no detectable ALDH1A1 or ALDH3A1 activity ( Figure 3A , 3B and 3D). The three cell lines provide a convenient system to investigate the potentiation of mafosfamide by ALDH3A1 inhibition as A549 express both ALDH3A1 and ALDH1A1, SF767 express predominantly ALDH3A1, and CCD-13Lu, primary lung fibroblasts, do not express detectable levels of several ALDH isoforms.
The ability of CB29 to inhibit ALDH3A1 activity in cell lysates was examined using this activity assay ( Figure 3D ). When CB29 is incubated with A549 and SF767 cell lysates, the ALDH3A1 activity is diminished significantly: (>95% in A549; >90% in SF767, right panel). The activity of recombinant ALDH3A1 also decreased by ~97% after treatment with CB29 ( Figure 3D , left panel). Lysate from CCD-13Lu cells did not exhibit ALDH3A1 associated activity (<2 nmol/min/mg). This is consistent to our western blot results showing no expression of ALDH1A1 or ALDH3A1 in CCD-13Lu cells ( Figure 3A and 3B ). These data demonstrate that tumor cell possess robust ALDH3A1 activity, and that CB29 can inhibit the activity of ALDH3A1 in tumor whole cell lysates ( Figure 3D ).
Evaluation of the contribution of ALDH3A1 toward aldophosphamide metabolism
Next we needed a model cell system with which to evaluate the ability of CB29 and selected analogs to penetrate the cell and influence an observable phenotype that is ALDH3A1-dependent. ALDH3A1 has been shown to directly influence cellular sensitivity to the effects of cyclophosphamide treatment. [17, 22, 27] We used the A549 (ALDH1A1 and ALDH3A1 expressing), SF767 (ALDH3A1 expressing) and CCD-13Lu (ALDH non-expressing) cells to assess the overall cytotoxicity and ability of CB29 analogs to enhance the sensitivity of cyclophosphamide and its derivatives. [20, 24] The ED 50 values for mafosfamide on A549 and SF767 cells were 125 μM and 150 μM, respectively, while primary cells, CCD-13Lu were more sensitive to mafosfamide with an ED 50 of 40 μM ( Figure S2 ). CB29 as well as compounds 17, 2, 18, 19, 11, 8, 9 and 10 were chosen because they were selective toward ALDH3A1 and showed no inhibitory potential toward ALDH1A1, ALDH1A2, ALDH1A3, ALDH1B1 and ALDH2 activity in vitro. In addition, these compounds could easily form a homogeneous 100 μM solution in the presence of 0.25% DMSO and did not inhibit cellular proliferation as single agents with doses as high as 100 μM. Treatment of all cell lines with mafosfamide decreased cell proliferation ( Figure 4A and 4B, DMSO control vs. mafosfamide, 59% ± 14% (A549), p < 0.001, 68% ± 4% (SF767), p<0.001). ALDH3A1 inhibitors 17, 2, 18, 19, 11, 8, 10 and CB29 had little effect on cell proliferation ( Figure 4A and 4B, grey bars) as single agents. However, compound 9 was cytotoxic in both cancer cell lines (66 ± 7% in A549, and 69 ± 3% in SF767) at 50 μM concentration, suggesting that it may have off-target effects at this concentration and was not pursued further.
Treatment of A549 cells with mafosfamide in the presence of compounds 17, 2, 18, 19, 11, and CB29 showed marked increase in mafosfamide sensitivity: 17 and 18 (3-fold, p<0.005); 19 (12-fold, p<0.005); 2, 10 and CB29 (2-fold, p<0.005) ( Figure 4A ). Similar experiments on SF767 cells demonstrated dramatic increase in chemosensitivity with analogues 19 (6-fold, p<0.005), and 11 (4-fold, p<0.005), whereas inhibitor 17, 2, 18, 8, 10, CB29 increased chemosensitivity by nearly 2-fold (p<0.005). Similar experiments were performed with CCD-13Lu cells and the ALDH3A1 inhibitors were neither cytotoxic nor did they significantly enhance mafosfamide sensitivity ( Figure 4C ). Inhibitor 19 was strongly enhanced chemosensitivity in both A549 and SF767 cells, whereas inhibitor 11 was efficient only on SF767 cell line. Overall, inhibitor 17, 2, 18, 19, 11, 10, and CB29 showed mafosfamide chemosensitivity on both cell lines. However, inhibitor 18, 19, and CB29 relatively showed the highest amount chemosensitivity on both cell lines.
Since SF767 cells only express ALDH3A1, we used these cells to investigate the potentiation of mafosfamide following increasing amounts of ALDH3A1 inhibitors, CB29 as well as analogs 18 and 19. We chose these three analogs based on the potent enhancement of mafosfamide cytotoxicity shown in Figure 4A and 4B. We observed a dose-dependent enhancement in mafosfamide sensitivity as the concentration of compounds 18, 19 and CB29 increase ( Figure 5A ). To further demonstrate the potentiation of mafosfamide cytotoxicity, we treated SF767 cells with increasing amounts of mafosfamide in the presence or absence of CB29, 18 and 19 in SF767 cells. Results demonstrated that in the presence of CB29, 18 or 19, the ED 50 value of mafosfamide decreases by 1.6-fold, 1.4-fold, and 1.6-fold, respectively [ED 50 : 146 ± 2 μM (MF) vs. 92 ± 4 μM (MF + CB29), 108 ± 6 μM (MF + 18), 94 ± 5 μM (MF + 19)] ( Figure 5B ). This experiment confirms that selective ALDH3A1 inhibitors can increase mafosfamide chemosensitivity.
Discussion
During the last decade there has been renewed interest in aldehyde dehydrogenases as their contributions to underlying biological phenotypes have been illuminated. Of particular interest has been the association of ALDH1 and ALDH3 with particular neoplastic characteristics, such as metastatic propensity [29] and stem-cell properties. [13, 15] However, it is also clear that the field lacks selective and potent chemical probes with which to determine if these associations are functional or simply a consequence of a general switch in gene expression. Compounds such as DEAB are not selective for ALDH1A1 versus 1A2 or 1A3 or even ALDH3A1, for that matter. Consequently, the discovery and development of novel and selective inhibitors for ALDH isoenzymes would be of tremendous value for investigators seeking to determine the roles of these ALDH isoenzymes in these biological outcomes. One of the most well characterized roles for both ALDH1A1 and ALDH3A1 is their involvement in the metabolic inactivation of cyclophosphamide derivatives. [17, 22, 27] Cyclophosphamide, a chemotherapeutic drug, when acted on by P450 forms 4-hydroxycyclophosphamide, which is in tautomeric equilibrium with aldophosphamide. Spontaneous beta-elimination of aldophosphamide forms acrolein and phosphoramide mustard, the latter compound is the DNA-alkylating agent that targets rapidly dividing cells. ALDH isoenzymes and ALDH1A1, in particular, are known for their ability to confer resistance to derivatives of cyclophosphamide by oxidizing aldophosphamide to the considerably less toxic compound, carboxyphosphamide. [17, 18, 19] The contribution of ALDH3A1 toward cyclophosphamide resistance is more controversial, with some studies supporting a role and others refuting. [17, 22, 28, 31, 32, 33] We have previously shown that nonselective covalent inhibitors of ALDH family members can sensitize A549 cells to the cytotoxic effects of aldophosphamide, [30] which is consistent with earlier studies in which siRNA knockdown of both ALDH1A1 and ALDH3A1 were required for maximal sensitivity to aldophosphamide. [17] What is clear from both in vitro and cell-based work is that ALDH1A1 exhibits greater catalytic efficiency toward aldophosphamide than ALDH3A1, although purified recombinant ALDH3A1 (identical to that used in these studies) exhibited "considerable activity" toward aldophosphamide. [33] These authors concluded that only upon high level of expression, does ALDH3A1 play a significant role in conferring resistance to derivatives of cyclophosphamide, [33] something that both A549 and SF767 cells exhibit.
Consequently, selective inhibitors for ALDH3A1, and/or ALDH1A1 that are cell permeable and show phenotypic effects may provide a means to understand their individual contributions toward aldophosphamide metabolism. Consistent with the ability of ALDH3A1 to metabolize aldophosphamide, several of the ALDH3A1 selective inhibitors reported here enhance the anti-proliferative effects of mafosfamide in SF767 cells, which express only ALDH3A1. In fact, in the presence of ALDH3A1 inhibitors-CB29, 18, and 19, the ED 50 value of mafosfamide dropped from 146 ± 2 μM to 92 ± 4 μM, 108 ± 6 μM, and 94 ± 5 μM respectively ( Figure 5B ). Of more interest is that fact that selective inhibition of ALDH3A1 in A549 cells also enhances mafosfamide sensitivity, even with the contributions of ALDH1A1 intact. This result is consistent with the RNA-knockdown studies in these same cells, where both isoenzymes appear to contribute equally to resistance. [17] In SF767 cells, where ALDH3A1 appears to the sole target, this enhancement of sensitivity increases in a dose-dependent manner ( Figure 5A ). In our hands, the antibodies utilized for detection of ALDH1A1 also detect ALDH1A2, ALDH1A3, ALDH1B1, and ALDH2 ( Figure 3C) , therefore SF767 appears devoid of all ALDH1 subtypes, as well as ALDH2, and is thus a good model system to study the contribution of ALDH3A1 in aldophosphamide metabolism. Lastly, the dose-response in SF767 cells matches reasonably the in vitro IC 50 data in which both assays produced values between 15 and 50 μM ( Table 2,  Table 3 and Figure 5A ).
Our steady state kinetic experiments showed that CB29 is a competitive inhibitor with respect to benzaldehyde, which is consistent with our crystallographic data where CB29 is found within the substrate-binding site. We compared the structure of ALDH3A1 catalytic site to that of ALDH2 and sheep ALDH1A1 by structural alignment to understand the selectivity of CB29 toward ALDH3A1. In particular, the structure of ALDH2 bound to daidzin (PDB accession code 2vle) provides a good basis for comparison. [35] Daidzin has a central planar isoflavone ring ( Figure 6A , shown in blue color) linked by a single bond to a phenol moiety. This scaffold is optimal for the nearly cylindrical substrate site in ALDH2 ( Figure 6C ), whereas the bent conformation conferred by the amine linkage between the two aromatic rings in CB29 is better suited to the curved nature of the ALDH3A1 site ( Figure  6B ). In fact, the amine nitrogen linking the two substituted benzene rings in CB29 donates a hydrogen bond to the peptide carbonyl oxygen of Glu61 ( Figure 6D ). It is interesting that substitution of the linking amine group in CB29 with an ether linkage is deleterious to potency. This difference confirms that the angle and distance geometry of the amine linkage is critical for CB29 selectivity as well contributing to its potency through hydrogen bond donation.
In order to understand the specificity of CB29 for ALDH3A1 over ALDH1A1, we examined the substrate-binding site of sheep liver ALDH1A1 (PDB accession code 1bxs) and superimposed this structure with the human ALDH3A1 structure. Based on this alignment, we found that the substrate-binding site in human ALDH1A1 is much larger than either ALDH3A1 or ALDH2 due to the substitution of Phe459 by Val and Met124 by Gly, which widens the entrance to the substrate site considerably ( Figure 6E ). We surmise that this larger substrate binding site does not sufficiently constrain CB29 for stable binding. However, analogs of CB29 with larger substituents at the R1 and R2 positions, such as 12, 13, 14 and 6, showed inhibitory activity toward ALDH1A1. Unlike ALDH1A1, ALDH3A1 cannot tolerate larger substituents at the R1 position without decreasing inhibitory potency [4, 3, 14, 1]. This trend is likely due to steric clashes that would occur with the side chains of Leu119, Tyr412 and Phe401 in this region. Our structure demonstrates that all the hydrogen bonding interactions are contributed by the substituents on the nitrobenzene ring, while the latter half of the molecule contributes primarily hydrophobic interactions ( Figure 2B ). We propose that the development of more potent compounds should exploit potential hydrogen bonding interactions with the side chains of Asn118, Gln122, and His413, which would create a more even distribution of hydrogen bonding interactions along the length of the substrate-binding site.
Conclusion
Since many exogenously administered drugs are active in their aldehyde form, identification of isoenzyme selective inhibitors for various ALDH isoenzymes will help us investigate their individual contribution toward drug metabolism. It will also help us understand the individual contribution of different forms of ALDH towards metabolism of numerous cytotoxic aldehydes, including those linked to cellular differentiation, detoxication of peroxidic aldehydes, as well as metabolism of neurotransmitters. In this study, we characterized a selective inhibitor of ALDH3A1, an enzyme implicated in aldophosphamide metabolism. Even though, the catalytic efficiency of ALDH3A1 is 1/7 th than that of ALDH1A1 for aldophosphamide in vitro, [33] the expression levels in some cancer cell lines are such that its impact on aldophosphamide metabolism cannot be ignored. Indeed, some cells such as the (SF767) glioblastoma cell line only express ALDH3A1 and have ED 50 values similar to those cells in which both enzymes are expressed in similar levels (A549). Our study showed that cancer cell lines that express ALDH3A1 (SF767 and A549) can be sensitized to mafosfamide in the presence of our inhibitors whereas normal cell lines that lack ALDH3A1 expression (CCD-13Lu) are not. Our current inhibitor is of modest potency (K i of 4 μM) and future work will focus on increasing the potency of new derivatives. Our ability to combine our structural kinetic data will facilitate the design and synthesis of more potent compounds such that a similar phenotypic effect can be elicited at lower concentrations. These selective inhibitors can be used to manipulate the contributions of ALDH3A1 toward aldophosphamide metabolism, as well as other biologically relevant aldehydes.
Experimental Section Materials
Benzaldehyde, propionaldehyde, para-nitrophenylacetate, NAD + , NADP + and buffers were all purchased from Sigma Aldrich unless otherwise stated. The chemical libraries for performing high throughput screening were purchased from ChemDiv Corp. and ChemBridge Corp. Mafosfamide was bought from Niomech-IIT GmbH, Bielefeld, Germany. Primary ALDH3A1 antibody was purchased from Santa Cruz Biotechnology (sc-67310); primary ALDH1A1 antibody was purchased from Abcam (ab-23375) and primary GAPDH antibody was purchased from Abcam (ab9484).
Cloning and purification of ALDH1A1, ALDH1A2, ALDH1A3, ALDH1B1, ALDH2, ALDH3A1
Human ALDH1A1, ALDH2 and ALDH3A1 were expressed and purified as described elsewhere. [30, 34, 36] The full length cDNA of human ALDH1A2, ALDH1A3 and ALDH1B1 was purchased from Open Biosystems and subcloned into the pT7-7 (ALDH1A1 and ALDH1A3) and pET15B (ALDH1B1) expression plasmids. These plasmids were used to transform BL21DE3 (ALDH1A2), BL21DE3 (ALDH1A3) and TunerDE3 (ALDH1B1) cells and the resulting cells were grown in LB medium in the presence of Ampicillin (100 μg/mL) at 37°C. Cells were induced with IPTG (0.1 mM final concentration) when absorbance at 600 nm reached 0.6. Cells were incubated at 16°C for 16 hours. The cells pellets were harvested using ultracentrifugation. ALDH1A2 cells pellet was resuspended in Buffer A (100 mM NaH 2 PO 4 , 2 mM EDTA, 1 mM benzamidine, 1 mM DTT, pH 7.0) and lysed using a Microfluidics Model 110L Microfluidizer. The lysate was clarified by centrifugation at 100,000*g for 45 minutes at 4°C. The supernatant was collected and dialyzed against Buffer A overnight at 4°C. The lysate supernatant was loaded onto a DEAE column and the fractions were eluted using gradient of Buffer B (100 mM NaH 2 PO 4 , 2 mM EDTA, 1 mM benzamidine, 250 mM NaCl, 1 mM DTT, pH 7.0). Fractions containing ALDH1A2 were dialyzed against Buffer C (20 mM NaH 2 PO 4 , 1 mM EDTA, 50 mM NaCl, 1 mM DTT, pH 7.5) overnight. The DEAE pool was loaded to HAP column and eluted using Buffer D (10mM 4-hydroxyacetophenone, 20 mM NaH 2 PO 4 , 1 mM EDTA, 50 mM NaCl, 1 mM DTT, pH 7.5). Fractions containing the protein were pooled together, dialyzed against storage buffer (10 mM ACES, 2 mM DTT, pH 6.6) twice, concentrated, flash frozen and stored at -80°C. ALDH1A3 was purified and stored almost identically as ALDH1A2 except for buffer A and Buffer B both of which had a pH of 8.0. ALDH1A1 and ALDH1A3 did not have any expression tags whereas ALDH1B1 had an N-terminal His-tag as a result of which the expression protocol was altered. The cell pellet of ALDH1B1 expressing cells was resuspended using Buffer E (20 mM HEPES, 500 mM NaCl, 10 mM Imidazole, pH 8.0) and lysed using the Microfluidizer. The lysate was centrifuged and supernatant was loaded to Ni-NTA column. Protein was initially washed with Buffer E followed by wash with Buffer F (20 mM HEPES, 500 mM NaCl, 60 mM Imidazole, 10 mM β-mercaptoethanol, pH 8.0). Protein was eluted using a gradient of Buffer G (20 mM HEPES, 500 mM NaCl, 250 mM Imidazole, 10 mM β-mercaptoethanol, pH 8.0). The protein containing fractions were pooled together and dialyzed against Buffer H (20 mM HEPES, 50 mM NaCl, 2 mM DTT, 1mM EDTA, pH 7.5) at 4°C. Dialyzed protein was loaded onto the HAP column and initially washed with Buffer H. Protein was eluted using Buffer I (10 mM 4-hydroxyacetophenone, 20 mM HEPES, 50 mM NaCl, 2 mM DTT, 1mM EDTA, pH 7.5). Protein was dialyzed against Buffer J (10 mM ACES, 2 mM DTT, pH 7.4) at 4°C overnight and concentrated to 200 μL. This fraction was loaded to Sephadex 200 10/300Gl column in the presence of Buffer J. Eluted fractions were concentrated, flash frozen and stored at -80°C.
Activity measurement of ALDH enzymes
The specific activities of the purified proteins were 1.9 (ALDH1A1), 0.8 (ALDH1A2), 0.44 (ALDH1A3), 0.2 (ALDH1B1), 3.8 (ALDH2) and 32 (ALDH3A1) μmole/min/mg. The enzymatic activity of ALDH1A1, ALDH2 and ALDH3A1 were monitored by calculating the increase in absorbance at 340 nm due to NAD(P)H formation (molar extinction coefficient of 6220 M −1 cm −1 ) as described elsewhere. [30, 34, 36, 37, 38] ALDH1A2, ALDH1A3 and ALDH1B1 activity assays are measured spectrophotometrically in reaction solution containing 1 mM propionaldehyde, 1.5 mM NAD + , and respective enzymes all in the presence of 25 mM BES buffer, pH 7.5.
Inhibitors
CB29, one of the selective ALDH3A1 inhibitors discovered in our initial chemical screen, [34] was purchased from ChemBridge Corp. A structural search was performed using Pubchem in order to identify commercially available analogs with at least 90% structural similarity to CB29. Over 60 compounds were purchased from ChemBridge Corp. and ENAMINE Ltd., Kiev, Ukraine and Indiana University Chemical Synthesis and Organic Drug Lead Development Core. The purity of the compounds according to the vendor was >95%. Compounds were dissolved and diluted in 100% DMSO and stored at -20°C. The analogs were tested for their selectivity against ALDH1A1 and ALDH2 and ALDH3A1 at 100 μM. Compounds that showed selectivity for ALDH3A1 were designated as follows; 1-(ENAMINE-T05126153), 2 -(ENAMINE-T5477154), 3-(ENAMINE-T6032083), 4-(ENAMINE-T5237743), 5-IUSC12415, 6-IUSC12416, 7-(ENAMINE-T6036772), 8 -(ENAMINE-T6241917), 9 -(ENAMINE-T6560452), 10-(ENAMINE-T5477155), 11 -(ENAMINE-T5655673), 12-(ENAMINE-T6245968), 13 -(ENAMINE-T6053724), 14-
IC 50 determination and competition experiments
IC 50 values were determined for CB29 and its analogs using propionaldehyde as the substrate for ALDH1A1 and ALDH2 or benzaldehyde as the substrate for ALDH3A1. The assays were performed on a Beckman DU-640 spectrophotometer at various concentrations of inhibitors ranging from 50 nM to 250 μM following a 1 minute pre-incubation. There was no pre-incubation time-dependence to the inhibition. All reactions were initiated by the addition of the aldehyde substrate. The inhibition curves were fit to the Logistic four parameter IC 50 equation using the SigmaPlot (v11, StatSys). We characterized the mode of inhibition using steady-state kinetics through co-variation of inhibitor and substrate concentrations. The steady state kinetic measurements were performed in 100 mM Na 2 HPO 4 buffer, pH 7.5. The reaction mixture contained 10 nM ALDH3A1, varied benzaldehyde (50 μM− 800μM; fixed NADP + , 1.5 mM) and varied inhibitor concentrations. In all cases-including the control reactions lacking inhibitors, the final reaction mixture contained 2% (v/v) DMSO. The reaction was initiated by addition of substrate and the initial rate of product formation was determined on a Beckman DU-640. All data were fit to the non-linear velocity expressions for competitive, non-competitive, mixed-type noncompetitive and uncompetitive inhibition. [39] Appropriateness of the inhibition model was determined through analysis of goodness-of-fit and the residuals of those fits. LineweaverBurke plots were created using SigmaPlot (v11, StatSys) to visualize the inhibition patterns. All data represent the average of three independent experiments utilizing triplicate assays at each concentration point.
Preparation and crystallization of ALDH3A1 with CB29
ALDH3A1 crystals were grown from solutions containing 0.2 M potassium acetate, 20% PEG 3350 at 25°C. The enzyme concentration was between 3 and 3.5 mg/mL in 10 mM HEPES buffer, pH 7.5. Two crystal morphologies form under these conditions; orthorhombic plates and triclinic parallel-pipeds. The triclinic ALDH3A1 crystals were initially soaked with 2% DMSO for 24 hours followed by another 24 hour soak with 500 μM CB29 [2% (v/v) DMSO final]. Crystals were frozen directly in gaseous nitrogen stream at 100K without additional cryoprotectant. Datasets were collected at a wavelength of 0.9869 Å at 100 K at the Advanced Photon Source using the GM/CA-CAT beamline 23-ID located at Argonne National Laboratory. The diffraction data was indexed, integrated and scaled using the HKL3000 program. [40] All refinements were performed using the program package Refmac5 as implemented in the CCP4 program suite. [41] Structure of CB29 bound to ALDH3A1 was solved using the apo-form of ALDH3A1 structure as the search model (RCSB code 3SZA). Molecular replacement was performed using MolRep program provided by CCP4 Interface software. Initial maps showed clear electron density for the CB29 ligand bound on the active site of each monomer in the asymmetric unit. Atomic coordinate of CB29 was included in later stages of refinement. Water molecules were added after the addition of ligands in order to obtain an unbiased map for ligands. Ligand maps were sketched in Sketcher (provided by CCP4). This structure was used to create library description file and a coordinate file for the ligand, which were later used for refinement.
Cell culture and western blot analysis
A549, CCD-13Lu and SF767 cell lines were provided by Dr. Hua Lu, ATCC and Dr. Karen Pollok, respectively. A549 and CCD13Lu cells were cultured in DMEM (Cellgro, Mediatech Inc) supplemented with 10% FBS (Gibco, Invitrogen) and 100 units/mL of penicillin and 10 μg/mL of streptomycin. SF767 cells were cultured in IMDM (Gibco, Invitrogen) supplemented with 10% FBS and 100 units/mL of penicillin and 10 μg/mL of streptomycin. Cells were cultured until they were 80-90% confluent and cell viability was >95%. A549 and SF767 cells were passaged every 3-4 days whereas CCD13Lu cells were passaged every 10-12 days. Cells (A549, SF767 and CCD-13Lu) were washed with ice cold PBS to remove residual media. 400 μL of RIPA buffer (Cell signaling technologies) containing 1 mM PMSF (Sigma Aldrich) was added to each 10 cm dish. Plates were incubated on ice for 5 minutes, scraped and lysates were collected. Lysates were centrifuged for 10 minutes at 16,000xG in a micro-centrifuge at 4°C. Protein concentrations were measured using the Bradford reagent (Biorad Laboratories). A549, SF767 and CCD-13Lu cell lysates were resolved in 10% SDS-PAGE. ALDH3A1 antibody was used at a dilution of 1:5000 and ALDH1A1 antibody was used at a dilution of 1:1000. GAPDH (1:5000) was used as a loading control. Proteins bound to antibodies were visualized using a HRP chemiluminescence blot detection solution prepared in our lab.
Cell lysate activities in the presence and absence of CB29
A549, SF767 and CCD-13Lu cell lysates were collected exactly the same way as described before and 50 μg of cell lysate was used in the activity assay. ALDH3A1 activity in cell lysates were measured in 100 mM Na 2 HPO 4 buffer at pH 7.5, with 1.5 mM NADP + , 1 mM benzaldehyde. Activity assay was also performed with 1 μg of recombinant ALDH3A1 in the presence and absence of CB29. All assays contained 1% (v/v) DMSO. CB29 was tested at 50 μM concentration to monitor the extent of ALDH inhibition in these cell lysates and purified ALDH3A1. Lysates were treated with CB29 for 1 minute before the substrate was added.
Colorimetric MTT assay for mafosfamide sensitivity
The MTT assay was used to measure the extent of mafosfamide chemosensitivity. Mafosfamide was used for this study primarily because it is an analog of cyclophosphamide that does not require cytochrome P450 for its activation which is ideal for cell based studies. [42] The MTT assay was optimized for three cell lines such that the number of cells utilized for the experimental treatments corresponded to the linear range of the assay measurements. Three cell lines, A549, SF767 and CCD-13Lu were chosen for this study. These cell lines were chosen because our western blot results showed that A549 expresses ALDH1A1 and ALDH3A1, SF767 express only ALDH3A1 whereas CCD-13Lu expresses neither of these enzymes and are non-tumorigenic. CCD-13Lu was also relevant for this study because they are primary lung fibroblasts which serve as a proper control for A549, which is a tumorigenic cell line from lung. An optimization trial was performed for lung adenocarcinoma (A549), glioblastoma (SF767) and primary lung fibroblasts (CCD-13Lu) to find the approximate ED 50 value of mafosfamide; 125 μM for A549 cells, 150 μM for SF767 cells and 40 μM for CCD-13Lu cells ( Figure S2 ). Following optimization, A549 (5,000 cells/well), SF767 (10,000 cells/well) and CCD-13Lu (5,000 cells/well) cells were seeded in 96 well plates. After 29 hours, A549 and SF767 cells were treated with ALDH3A1 inhibitors (17, 2, 18, 19, 11, 8, 9, 10, CB29) in the absence or in the presence of 125 μM mafosfamide. The MTT assay was carried out following 19 hours of incubation with the inhibitors (0.25% DMSO) and/or mafosfamide. The relative percentage of cell proliferation was calculated in comparison to DMSO (0.25%) treated controls. The time points for treatment were chosen based on similar experiments performed earlier. [30] 
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Table 2 SAR for CB29-based compounds. (A) SAR study for analogs having aniline at R3 position but with ortho, meta and para substitutions at various positions (R4, R5, R6, R7 and R8). Also included are compounds with substitutions at R1 and R3 positions. Two dimensional figures are generated using ChemBioDraw Ultra 12.0. Values in parentheses are S.D. for three independent assays. NI stands for no inhibition at 100 μM inhibitor concentration. WA represents (30-50) % activation shown by 100 μM compound to respective enzymes. Shaded in yellow are the residues of ALDH3A1 that are in close proximity of CB29. None of the listed analogs, except compound 13, showed inhibition (<5%) to ALDH1A2, ALDH1A3 or ALDH1B1 up to 100 μM concentration. Table 3 SAR for CB29-based compounds. (B) SAR showing the effect of first set of analogs that had substitutions other than aniline at R2 position (such as halogen, glycine and ethers). Two dimensional structures for the subgroups are generated using ChemBioDraw Ultra 12.0. Values in parentheses are S.D. for three independent assays. NI stands for no inhibition at 100 μM inhibitor concentration. Shaded in yellow are the residues of ALDH3A1 that are in close proximity with of CB29 at the respective positions. None of the listed analogs showed inhibition (<5%) to ALDH1A2, ALDH1A3 or ALDH1B1 up to 100 μM concentration.
SF767 cells also demonstrated robust ALDH3A1 expression, but lacked detectable expression of ALDH1A1 ( Figure 3A & 3B) . The antibodies utilized for detection of ALDH1A1 also detect ALDH1A2, ALDH1A3, ALDH1B1, and ALDH2 ( Figure 3C) , therefore SF767 appears devoid of all ALDH1 subtypes, as well as ALDH2. CCD-13Lu cells had no detectable expression of either ALDH1A1 or ALDH3A1 by immunoblot.
